Neurons encode information by firing spikes in isolation or bursts and propagate information by spiketriggered neurotransmitter release that initiates synaptic transmission. Isolated spikes trigger neurotransmitter release unreliably but with high temporal precision. In contrast, bursts of spikes trigger neurotransmission reliably (i.e., boost transmission fidelity), but the resulting synaptic responses are temporally imprecise. However, the relative physiological importance of different spike-firing modes remains unclear. Here, we show that knockdown of synaptotagmin-1, the major Ca 2+ sensor for neurotransmitter release, abrogated neurotransmission evoked by isolated spikes but only delayed, without abolishing, neurotransmission evoked by bursts of spikes. Nevertheless, knockdown of synaptotagmin-1 in the hippocampal CA1 region did not impede acquisition of recent contextual fear memories, although it did impair the precision of such memories. In contrast, knockdown of synaptotagmin-1 in the prefrontal cortex impaired all remote fear memories. These results indicate that different brain circuits and types of memory employ distinct spikecoding schemes to encode and transmit information.
INTRODUCTION
Neurons are thought to encode information in a continuum of firing patterns ranging from isolated spikes to high-frequency bursts of 2-20 spikes. In place cells of the CA1 region of the hippocampus, $50% of spikes occur in short bursts with frequencies of >50 Hz, while the remaining spikes occur in isolation (Harris et al., 2001; Harvey et al., 2009; Jones and Wilson, 2005; Ranck, 1973) . The occurrence of spike bursts varies with behavioral state (Burgos-Robles et al., 2007; Harris et al., 2001; Ranck, 1973) and is altered in neurological diseases (Jackson et al., 2004; Walker et al., 2008) . These properties suggest that spike-bursting patterns are functionally important for information processing by the brain, but the specific roles of spikefiring patterns in behaviors remain largely unexplored.
Typically, central synapses exhibit a low probability of neurotransmitter release in response to a single spike, although each release event triggered by a spike is temporally precise (Borst, 2010; Branco and Staras, 2009) . The low probability of neurotransmitter release renders single-spike transmission unreliable, which may serve to provide a large dynamic range for plasticity or to maximize the brain information storage capacity under resource constraints (Varshney et al., 2006) . Neurons can use two strategies to overcome the unreliability of single-spike transmission. They can either simultaneously activate multiple synapses connecting to the same target via isolated spikes or repeatedly activate a single synapse via bursts of spikes (Lisman, 1997) . Each of these strategies incurs a tradeoff. The use of multiple synapses allows information to be transmitted by a single spike, thus ensuring high speed, temporal precision, and strength but at the cost of a reduced capacity for storing and processing information (Varshney et al., 2006) . Some synapses in sensory transduction or motor control pathways choose this strategy, for example, the calyx of Held synapse in the auditory pathway, which forms more than 500 release sites on its target neuron (Meyer et al., 2001) or climbing fibers in the cerebellum, which form multiple synapses on a single Purkinje cell (Silver et al., 1998) . Conversely, the use of burst-mediated transmission requires only one or a few synapses for high-fidelity transmission but reduces the temporal resolution of transmission, as observed, for example, in inhibitory interneurons (Sheffield et al., 2011) . Therefore, this mode of firing may be better suited for neurons involved in the storage of large amounts of information. Bursts may also play roles in the organization of neuronal assemblies and dendritic local integration (Izhikevich et al., 2003; Polsky et al., 2009) .
Although firing of isolated spikes and bursts of spikes have long been recognized as the two principal modes of information coding, their relative importance in a particular neuronal circuit has been difficult to test experimentally, especially in behaving animals, because no approach to selectively shut down one or the other mode of synaptic transmission was available. Here, we show that synaptic transmission triggered by isolated spikes can be selectively ablated by using knockdown (KD) of synaptotagmin-1 (Syt1), the major Ca 2+ sensor for synchronous neurotransmitter release (Geppert et al., 1994) . However, as in Syt1 knockout mice (Maximov and Sü dhof, 2005) , the Syt1 KD does not abolish release in response to bursts of spikes. Instead, the Syt1 KD shifts the timing of release induced by a highfrequency action-potential train into a delayed, nonphysiological mode, because the massive influx of Ca 2+ into nerve terminals induced by a high-frequency action-potential train activates asynchronous release that is normally suppressed by the presence of Syt1 (Maximov and Sü dhof, 2005) . Thus, the Syt1 KD allows us to specifically impair information transfer that is mediated by isolated spikes or that requires precise timing of bursts of spikes and to test the effects of such manipulations on fear memories as a model behavior. In this procedure, we are not interfering with spike firing itself, but with the transmission of signals originating from these spikes. Unexpectedly, we find that transmission of the information by isolated spikes is dispensable for acquisition of recent contextual memories via the hippocampus, although it is essential for memory function by the medial prefrontal cortex.
RESULTS

The Syt1 KD Institutes a High-Pass Frequency Filter for Synaptic Transmission
We analyzed cultured cortical neurons that were infected with lentiviruses expressing an Syt1 shRNA (Syt1 KD) or tetanus-toxin light chain (TetTox) and recorded inhibitory postsynaptic currents (IPSCs; Maximov et al., 2007; Pang et al., 2010 ; for KD efficiency and specificity, see Figures S1A-S1C, available online). The Syt1 KD reduced the IPSC amplitude elicited by isolated action potentials >90% ( Figure 1A ) and similarly suppressed the initial IPSCs elicited by a 10 or 50 Hz action-potential train ( Figures 1B, S1D , and S1E). The Syt1 KD phenotype was rescued by expression of wild-type shRNA-resistant Syt1, confirming the specificity of the KD ( Figure 1A ). However, as described for the Syt1 knockout (Maximov and Sü dhof, 2005) , the Syt1 KD did not block release induced by stimulus trains. Instead, Syt1 KD neurons exhibited in response to stimulus trains a significant amount of delayed asynchronous release that manifested as a slow form of facilitating synaptic transmission (Figures 1B, S1D, and S1E). As a result, the Syt1 KD only modestly decreased the total synaptic charge transfer induced by high-frequency stimulus trains, although the time course of the charge transfer was dramatically delayed. In contrast, TetTox completely blocked synaptic transmission in response to isolated action potentials or trains of action potentials (Figures 1A, 1B, S1D, and S1E). Thus, the Syt1 KD impairs synaptic transmission induced by isolated action potentials and alters the kinetics, but not the overall amount, of transmission induced by bursts of actions potentials, effectively resulting in a high-pass filter ( Figure 1C ). The slow release that is observed in Syt1 KD neurons (and Syt1 knockout neurons; Maximov and Sü dhof, 2005 stimulates unphysiological delayed release that is asynchronous and, during longer stimulus trains, produces the same overall synaptic transmission as synchronous release, although with completely different kinetics. Data in (A) and (B) are means ± SEM; numbers inside columns indicate the number of neurons analyzed in at least three independent experiments. Statistical significance was calculated by two-tailed Student's t test; *p < 0.05; **p < 0.01; ***p < 0.001. For KD quantitation and additional high-frequency stimulation data, see Figure S1 . In (F), facilitation was quantified as the ratio of the charge transfers produced by pulses 2-3, 2-5, or 2-10, respectively, to pulse 1 (for each group, n = 5-18).
Data are means ± SEM; statistical significance between means was determined using Student's t test (*p < 0.05; **p < 0.01; ***p < 0.001). Measurements of longterm potentiation are shown in Figure S2 . extent but are unclamped by the loss of Syt1 (Maximov and Sü dhof, 2005; Sun et al., 2007) .
Erasure of Synchronous Transmission in the Hippocampus
We next explored the possibility that the Syt1 KD could be used for manipulating synaptic transmission in vivo. We generated recombinant adeno-associated viruses (AAVs) of a new serotype (AAV-DJ; Grimm et al., 2008) to express only enhanced green fluorescent protein (EGFP) (control) or only TetTox or to express both EGFP and the Syt1 shRNA. Three weeks after in vivo stereotactic injection of AAV-DJs into the CA1 region and dentate gyrus (DG) of the hippocampus, we observed widespread neuronal infection with extensive EGFP expression throughout the dorsal hippocampus and part of the ventral hippocampus; high-magnification images confirmed that nearly all neurons in CA1 and DG regions were targeted ( Figure 2A ). Only a small number of CA3 neurons expressed EGFP. Virus also sparsely infected the adjacent posterior cingulate cortex and a few neurons in the entorhinal cortex, indicating limited diffusion and/or retrograde transport. We then used electrophysiological recordings in acute brain slices from injected mice to determine whether the Syt1 KD produced the same phenotype in the brain as in cultured neurons ( Figure 2B ). Whole-cell recordings in pyramidal neurons of the subiculum (the major output region for hippocampal CA1 neurons) after stimulation of CA1-derived axons in the alveus revealed that the Syt1 KD almost completely ablated EPSCs evoked by isolated action potentials ( Figures 2C and 2D ). In blocking synaptic transmission under these conditions, the Syt1 KD was nearly as effective as tetanus toxin, and this block could not be overcome by increasing the stimulation strength. However, similar to what we observed in cultured neurons (Figure 1) , the Syt1 KD did not ablate EPSCs evoked by trains of action potentials but only dramatically changed the kinetics of these EPSCs ( Figures 2E, 2F , S2A, and S2B). In Syt1 KD neurons, high-frequency stimulus trains activated a delayed form of synaptic transmission that manifested as facilitation during the stimulus trains ( Figures 2E and 2F ).
To examine whether short spike bursts observed in vivo in CA1 pyramidal neurons are capable of triggering asynchronous release in Syt1 KD neurons, we performed a systematic analysis of synaptic transmission induced by three, five, and ten action potentials triggered at frequencies of up to 200 Hz. Previous studies in the dorsal hippocampus of behaving mice showed that CA1 pyramidal cells are relatively quiet, with an overall average spike frequency of only $1 Hz but that $50% of these spikes are part of complex spike bursts composed of two to six spikes firing at 50-200 Hz (Harris et al., 2001; Harvey et al., 2009; Jones and Wilson, 2005; Ranck, 1973) , which corresponds well with the spike bursts that we are examining here. Remarkably, we found that bursts of only three spikes elicited significant asynchronous release in Syt1 KD neurons, suggesting that the Syt1 KD introduces a high-pass filter even for short spike bursts (Figures 2E, 3F, S2A, and S2B). Moreover, long-term potentiation could still be elicited in Syt1 KD synapses ( Figure S2C ). Parallel experiments confirmed that TetTox completely blocked all transmission induced by isolated or repeated action potentials (Figures 2C and 2D and data not shown). Thus, the phenotype produced by in vivo expression of the Syt1 KD replicates the in vitro phenotype, demonstrating that the Syt1 KD, similar to TetTox, abrogates synaptic transmission induced by isolated spikes but, different from TetTox, only alters the kinetics, but not the magnitude, of synaptic transmission induced by high-frequency bursts of spikes.
Effect of the Syt1 KD on Local Field Oscillations in the Hippocampus In Vivo
We next examined the effect of the Syt1 KD on the electrophysiological activities of neurons in awake, freely moving mice. Hippocampal theta oscillations are critical for hippocampusdependent learning and memory (Buzsá ki, 2002; Goutagny et al., 2009) . Theta oscillations are generated by a combination of synchronized excitatory inputs to CA1 and local neuronal activity, especially the activity of local interneurons that may produce feedback inhibition onto medial septum neurons for pacemaking of oscillations (Buzsá ki, 2002) . Recent studies indicated that theta pacemaking may originate in the CA1 region, providing further support for the hypothesis that CA1 region local (C) Quantitation of the peak frequency in the power spectrum in the theta range (4-12 Hz) and the power at the peak frequency. Data are means ± SEM; statistical significance between means was determined with Student's t test (*p < 0.05; **p < 0.01).
Neuron
Neuronal Coding Schemes in Memory neurons are critical for theta oscillation (Goutagny et al., 2009) . The AAV infection in our experiments included all CA1 pyramidal cells and interneurons as well as most DG neurons (which influence CA1 region activity via direct innervation of CA3 region neurons), providing us with a system to evaluate the impact of manipulations of synaptic transmission on local oscillations. We recorded local field potentials in CA1 in awake, freely moving mice and found that TetTox significantly reduced the power of theta oscillations, consistent with a critical role of the infected neurons in the generation of these oscillations ( Figures 3A-3C ). In contrast to TetTox, however, the Syt1 KD did not reduce the overall power of the oscillations but produced a shift in the peak frequency of the theta oscillations toward slightly higher frequencies ( Figures 3A-3C ). These results suggest that the residual synaptic release induced by spike bursts after the Syt1 KD is sufficient for the generation of theta oscillations. It appears likely that the change in synaptic transmission induced by the Syt1 KD altered the interaction between 12 14 14 10 9 9 12 14 14 10 9 9
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the hippocampus and septum (Buzsá ki, 2002), thereby shifting the peak frequencies. Although it is premature to provide a mechanistic account for this observation, because the exact location and mechanism of pacemaking of theta oscillations are not yet clear, these results further demonstrate that the Syt1 KD does not simply block the communication between neurons, but rather institutes a filter that permits selective propagation of high-frequency information. It needs to be noted that a small group of interneurons in the hippocampus express Syt2 instead of Syt1 (Kerr et al., 2008) and would not be affected by the Syt1 KD and may contribute to the generation of theta oscillations.
Impact of Hippocampal Syt1 KD on Contextual Memory
To examine whether synaptic transmission mediated by isolated spikes and/or precise timing of synaptic transmission triggered by spike bursts in the hippocampus is essential for learning and memory, we tested the effect of the hippocampal Syt1 KD on contextual and cued fear conditioning. We trained mice in a conditioning chamber with three tone-footshock pairs and examined ''freezing'' as evidence of fear memory under three conditions: (1) when the mice were placed into the same chamber used for training (contextual fear conditioning); (2) when the mice were placed into a similar but altered chamber (altered context, to monitor the precision of memory); and (3) when the mice were exposed to the conditioning tone in the altered chamber (cued fear conditioning). Previous studies showed that, similar to human declarative memory, contextual fear memory in rodents undergoes a consolidation process. Recent fear memory (i.e., memory in the days following the memorable event) depends on hippocampal function, whereas remote memory (i.e., memory after several weeks) operates independently of hippocampal function (Frankland and Bontempi, 2005; Frankland et al., 2004; Kim and Fanselow, 1992; Squire et al., 2004) . Therefore, we carried out our experiments using two protocols. First, to monitor recent memories, we injected AAVs into the hippocampus 30 days before training and tested memory 1-2 days after training ( Figure 4A) . Second, to monitor remote memories, we injected AAVs into the hippocampus 7-10 days after training and tested memory 27-30 days after the injection (i.e., $36 days after training; Figure 4E ).
In tests of recent memory ( Figures 4B-4D ), hippocampal TetTox severely impaired contextual memory, consistent with previous studies demonstrating that the hippocampus is critical for contextual fear learning (Fanselow and Dong, 2010; Kim and Fanselow, 1992; Wiltgen et al., 2006) . However, the Syt1 KD caused no significant impairment in contextual memory (Figure 4B ). In the altered-context test, the hippocampal Syt1 KD produced an increased fear response, suggesting that the Syt1 KD impaired the mouse's ability to recognize the context as different ( Figure 4C) , consistent with its electrophysiologically demonstrated effectiveness (Figure 3 ). Because TetTox blocks contextual fear conditioning ( Figure 4B ), it does not result in an increased fear response in the altered context ( Figure 4C ). Furthermore, as expected, neither the Syt1 KD nor TetTox produced a significant change in cued fear conditioning (Figure 4D) . No alterations of spontaneous behaviors were observed in the injected mice, as assessed by quantitative actometer measurements ( Figure S3 ; Fowler et al., 2001 Fowler et al., , 2003 . The fact that contextual fear memory is normal after the hippocampal Syt1 KD but is blocked by TetTox strongly suggests that CA1 neurons can rely on bulk synaptic transmission induced by bursts of spikes for transmitting information to their downstream targets during fear conditioning learning.
Consistent with previous work suggesting that the hippocampus does not play a major role in remote memories (Fanselow and Dong, 2010; Frankland and Bontempi, 2005; Frankland et al., 2004; Kim and Fanselow, 1992) , the hippocampal Syt1 KD or TetTox had no significant effect on remote memory, except for a small impairment of contextual fear conditioning by TetTox (Figures 4E-4H ). This effect of TetTox may reflect a limited role of the hippocampus in the consolidation of memory in the first few weeks after training (Nakashiba et al., 2009 ).
Impact of Entorhinal Syt1 KD on Contextual Memory
The lack of an effect of the hippocampal Syt1 KD on contextual fear conditioning was surprising, given that synaptic transmission triggered by isolated spikes-accounting for $50% of hippocampal firing (Jones and Wilson, 2005) -is blocked by the Syt1 KD and that the Syt1 KD additionally severely delays and broadens the time course of synaptic transmission triggered by bursts of spikes. To assess whether isolated spikes are generally dispensable for neuronal function, we introduced the Syt1 KD into the entorhinal cortex, which is adjacent to the hippocampus and directly and indirectly influences the activity of CA1 pyramidal neurons ( Figure 5A ). Expression of TetTox light chain in the entorhinal cortex suppressed all recent memory, including, somewhat surprisingly, cued fear conditioning ( Figures 5B-5D ). The Syt1 KD also significantly impaired . The experimental procedure was the same as that described in Figure 4A . Data in bar graphs are means ± SEM; numbers inside bars indicate the number of mice analyzed. Statistical significance between cumulative distributions was calculated by the two-sample Kolmogorov-Smirnov test and between groups of mice (comparing Syt1 KD or TetTox treated to control mice) by twotailed Student's t test; *p < 0.05; ***p < 0.001.
contextual fear conditioning, but not cued fear conditioning ( Figures 5B-5D ). Thus, synchronous neurotransmission elicited by single spikes is essential for entorhinal function in contextual fear conditioning.
Suppression of Synchronous Transmission in the Medial Prefrontal Cortex
To further explore whether the limited role of isolated spikes in hippocampal-dependent contextual memory applies to other brain areas, we examined the effect of the Syt1 KD in the medial prefrontal cortex (mPFC) on contextual fear conditioning. The medial prefrontal cortex, commonly considered to be critical for the ''executive control'' of behaviors, is essential for remote, but not recent, fear memories. After injection of recombinant AAVs into the prefrontal cortex, EGFP-expressing neurons were present in all major subregions of the mPFC, including the anterior cingulate, the prelimbic, and the infralimbic cortex ( Figures 6A,  6B , and S4). Electrophysiological recordings from pyramidal cells in acute slices revealed that the Syt1 KD produced an impairment in synaptic transmission similar to that observed in the hippocampus. The extent of the impairment in synaptic transmission was less severe, however, presumably because afferent fibers showing their restriction to the prefrontal cortex (a high density of axons in the dorsal striatum is also visible); the long exposure documents the distribution of EGFP-positive axon projections (ACB, nucleus accumbens; BLA, basolateral nucleus of amygdala; CLA, claustrum; CP, caudate putamen; CTX, cortex; MD, mediodorsal nucleus of thalamus; RE, nucleus reunions; RSP, retrosplenial area; ZI, zona incerta). (C) Input/output curves of excitatory synaptic transmission in the PFC. Representative traces and quantitation of NMDA receptor-mediated EPSCs recorded in acute PFC slices from mice injected with control or Syt1 KD AAV were shown. Whole-cell recordings were obtained in layer 2/3 pyramidal neurons; isolated single-pulse stimuli were delivered to fibers distributed in layer 1. EPSCs were elicited with increasing stimulus strength (control, n = 7; Syt1 KD, n = 11). (D and E) Representative traces and quantitation of NMDA receptor-mediated EPSCs in acute PFC slices showing increased facilitation in response to stimulus trains in Syt1 KD. EPSCs were elicited by trains of stimuli at 10 Hz (D) or 50 Hz (E); dots on top of the traces indicate the time points of stimulation, the charge transfer during pulse 1 is colored black, and the charge transfer during subsequent pulses is gray. The bottom traces in (E) depict expansions of the top traces to illustrate the EPSC kinetics. Facilitation (the pulse 2-10/pulse 1 or pulse 2-5/pulse 1 ratio) was calculated as the ratio of the charge transfer induced by the indicated pulses (right, bar diagram). Because prefrontal neurons receive excitatory inputs from various brain regions other than the infected prefrontal neurons, the impact of TetTox or of the Syt1 KD on synaptic transmission is likely underestimated (control, n = 8; Syt1 KD, n = 11). Data are means ± SEM; numbers inside or on top of columns indicate number of neurons analyzed. Statistical significance between groups (comparing Syt1 KD or TetTox to control) was determined with Student's t test (***p < 0.001). For more information on prefrontal infection, see Figure S4 .
derived from noninfected brain regions innervate the cells from which recordings were made ( Figures 6C-6E ).
Impact of the Syt1 KD in the Prefrontal Cortex on Contextual Memory
In behavioral tests, neither the Syt1 KD nor TetTox in prefrontal cortex significantly impaired acquisition of recent fear memories. Unexpectedly, however, both treatments increased freezing in response to the altered context, indicating overgeneralization of contextual memories ( Figures 7A-7C) . Thus, the ability to recognize the precise context of a threatening environment (a form of pattern separation) in recent memory requires the prefrontal cortex and specifically involves fast, synchronous synaptic transmission mediated by the prefrontal cortex. Because the prefrontal cortex is known to contribute to remote memories, we next examined the effect of the Syt1 KD and TetTox on long-term fear memories. Both similarly impaired contextual and cued fear conditioning, as well as memory in the altered context (Figures 7D-7F) . Consistent with previous studies (Frankland and Bontempi, 2005; Frankland et al., 2004) , the reduced freezing to the training context indicates a critical role for the prefrontal cortex in the storage and/or retrieval of remote memories. The reduced freezing to the tone cue may suggest that remote memory of cued auditory fear conditioning is also dependent on the medial prefrontal cortex. Alternatively, because the tone test was performed in the altered context, which contained cues to the original training context, freezing to the tone may have been confounded by contextual memory. Again, no major impairments of spontaneous behaviors were observed in force-plate actometer analyses after Syt1 KD or TetTox injections into the prefrontal cortext ( Figure S5 ). The finding that prefrontal Syt1 KD and TetTox in the medial prefrontal cortex produced similar effects on fear learning and memory suggests that fast, synchronous synaptic transmission mediated by isolated spikes is indispensible for maintenance and/or retrieval of long-term memories in this brain structure.
DISCUSSION
Here, we used two distinct molecular manipulations of synaptic transmission to explore the role of the hippocampus and prefrontal cortex in recent and remote contextual memory: (1) block of all synaptic transmission by TetTox and (2) modulation of the mode of synaptic transmission by using the Syt1 KD, which selectively abrogates synaptic transmission induced by isolated spikes. We find that block of synaptic transmission in the hippocampus by TetTox impairs recent, but not remote, contextual fear memory, whereas block of synaptic transmission in the medial prefrontal cortex abrogated remote, but not recent, fear memory. These results are consistent with previous findings that the hippocampus has a time-limited role in encoding declarative memory and that the neocortex is critical for long-term storage of consolidated memory (Fanselow and Dong, 2010; Frankland and Bontempi, 2005; Frankland et al., 2004; Kim and Fanselow, 1992; Squire et al., 2004) .
In contrast to TetTox, the Syt1 KD yielded unexpected results, with the most striking finding being that the hippocampal Syt1 KD did not impair acquisition of contextual memory, despite the fact that such acquisition was dependent on hippocampal function, as confirmed by the TetTox treatment. The result indicates that isolated spike transmission in the hippocampus is not required for acquisition of contextual fear memory and that hippocampal neurons can rely solely on bursts of spikes to transfer information during memory encoding. This observation is consistent with a study of hippocampal place cells showing that the spatial locations of rats could be read out by looking only at spike bursts (Harris et al., 2001) . In contrast to the hippocampal Syt1 KD, the prefrontal Syt1 KD produced the same behavioral phenotype as TetTox both in recent and in remote memory tests, suggesting that isolated spikes and/or the precise timing of spikes are pivotal to the functions of the prefrontal cortex and that the hippocampus and prefrontal cortex use different spike-coding schemes for information processing, at least with respect to the acquisition and maintenance and/or retrieval of fear memory.
The finding that the hippocampus can rely solely on bursts of spikes to transfer information to its downstream brain structures provides strong evidence for the hypothesis that bursts of spikes act as units of transmission to increase the reliability of communication between neurons (Izhikevich et al., 2003; Lisman, 1997) . The effect of the hippocampal Syt1 KD on the precision of fear memory, i.e., the inability of these mice to recognize an altered context, may be due to the expression of the Syt1 KD in the dentate gyrus, because pattern separation is thought to critically involve synaptic transmission at dentate gyrus to CA3 connections (Clelland et al., 2009; Leutgeb et al., 2007; McHugh et al., 2007; Ruediger et al., 2011) . If so, this result would suggest that precisely timed synaptic transmission mediated by granule cells (probably newborn granule cells; see Aimone et al., 2011 ) is essential for pattern separation. Thus, even within the hippocampus, different neuronal circuits may employ distinct coding schemes by relying on isolated spikes or bursts of spikes for execution of critical functions. These different coding schemes may reflect different strategies to handle the differential need of specific circuits for speed versus capacity in information processing when facing limited informationprocessing resources (Varshney et al., 2006) . It should be noted that neuronal computations by brain circuits are complex. For example, excitatory neurons not only directly activate downstream structures, but they also initiate feedforward and feedback inhibition of themselves and surrounding and downstream excitatory neurons by activating inhibitory interneurons. At present, it is unclear how local inhibitory networks contribute to the computation of memory by the hippocampus. However, the Syt1 KD will equally affect excitatory and inhibitory outputs (Maximov and Sü dhof, 2005) , and thus allow feedforward and feedback inhibition only during spikeburst firing.
The timing of spikes carries important information for brain computation. As an example, hippocampal place cells change their timing of firing relative to the phase of the theta oscillation of local field potentials, depending on the spatial location of the animal. This ''phase precession'' is proposed to act as a ''temporal code'' in the hippocampus, in addition to ''rate coding,'' which is manifested by the firing rate (Ahmed and Mehta, 2009; Harvey et al., 2009) . Similarly, studies on spiketiming-dependent plasticity indicated that a slight alteration in the relative timing of spikes between connected neurons may produce opposite effects on the direction of synaptic plasticity (Dan and Poo, 2006; Nevian and Sakmann, 2006) . Despite these observations and numerous theoretical considerations, however, it is difficult to directly test the importance of spike timing in behaving animals due to the lack of approaches to control spike timing. The fact that neurons depend on synaptic transmission to propagate information encoded in spikes to downstream neurons makes it possible to gain insights into these questions by manipulating synaptic transmission. The Syt1 KD delivered by AAVs described here provided a tool to study the role of synaptic transmission triggered by isolated spikes versus bursts of spikes, especially combined with parallel TetTox experiments and may also be useful for studying other behavioral tasks or brain regions.
The observation that the prefrontal TetTox expression or Syt1 KD impaired the precision of recent fear memory was surprising, suggesting that, besides the hippocampus (Frankland et al., 1998; Ruediger et al., 2011) , the medial prefrontal cortex is critically involved in determining the precision of contextual memory. Overgeneralization of fear memories is critically involved in the development of anxiety disorders such as posttraumatic stress disorder and panic disorders. In addition, patients with these disorders normally show aberrant functions in the medial prefrontal cortex (Britton et al., 2011) . It will be interesting to further dissect the neuronal circuits and molecular mechanisms involved in this phenomenon, using approaches outlined here, to determine whether overgeneralization of fear memories does indeed involve the medial prefrontal cortex.
The memory function of the prefrontal cortex is consistent with its role as a high-level multimodal association region, but similar to previous studies, our data do not distinguish between a role in retrieval, storage of remote memory, or both (Rudy et al., 2005) . The AAV-DJ-mediated local manipulations of gene expression provide an efficient and convenient way for functional dissection of the prefrontal cortex. Further improvements in the techniques, such as inducible and reversible manipulations (Mayford et al., 1996) in combination with in vivo imaging (Hü bener and Bonhoeffer, 2010) , may shed more light on these issues.
EXPERIMENTAL PROCEDURES
Vector Construction Four lentiviral vectors were constructed. Control vector contains an H1 promoter followed by a U6 promoter and an ubiquitin promoter driving mCherry expression. To construct Syt1 KD vector, we cloned a short hairpin sequence containing the Syt1 sequence 5 0 -GAGCAAATCCAGAAA GTGCAAÀ3 0 into the Xho1-Xba1 locus downstream of the H1 promoter of the control vector. In TetTox vector, we cloned tetanus-toxin light chain (GenBank: L19522.1) into EcoR1 locus downstream of the ubiquitin promoter of FUW vector. Syt1 KD + rescue vector was constructed by changing mCherry in Syt1 KD vector to EGFP and shRNA-resistant Syt1 gene linked in frame by 2A sequences derived from foot-and-mouth disease virus (Okita et al., 2008) . ShRNA-resistant Syt1 was made by mutating the Syt1 sequence 5 0 -GAG
Three AAV vectors were constructed. In control vector, the following components were arranged sequentially downstream of left-ITR of AAV2: CMV promoter and beta-globin intron, EGFP, hGH poly A sequence, H1 promoter, SV40 poly A sequence, and right ITR. In Syt1 KD AAV vector, Syt1 short hairpin sequence was cloned into the Xho1-Xba1 locus downstream of H1 promoter of control vector. In TetTox vector, the following components were arranged sequentially downstream of the left-ITR: CMV promoter and beta-globin intron, EGFP, and TetTox linked in frame by 2A sequence as described above, hGH poly A, and the right ITR.
Lentivirus Packaging, Infection, and Recording of Cultured Neurons Lentivirus and cortical culture were prepared and recorded as described (Maximov et al., 2007; Pang et al., 2010) . Neurons derived from postnatal day 0 (P0) or P1 mice were infected with lentivirus at 5-6 days in vitro (DIV) and recorded at 15-16 DIV. Cultured neurons were transferred to extracellular solution containing (at room temperature with pH 7.4) 140 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 2 mM MgCl 2 , 10 mM HEPES, and 10 mM glucose. The neurons were patched with pipettes with resistance between 3 and 4 MU and clamped at À70mV. The patch pipette was filled with intracellular solution containing the following components (at room temperature with pH 7.4): 135 mM CsCl, 10 mM HEPES, 1 mM EGTA, 1 mM Na-GTP, 4 mM Mg-ATP, and 10 mM QX-314 [N-(2,6-dimethylphenylcarbamoylmethyl) triethylammonium bromide]. Synaptic current was evoked by 90 mA/1 ms current injections via concentric bipolar electrode (CBAEC75, FHC) placed $150 mm to the patched neurons. IPSCs were isolated by adding AMPA and NMDA receptor blockers CNQX (20 mM) and AP-5 (50 mM) in the extracellular solution. The frequency, duration, and magnitude of the extracellular stimulus were controlled with a model 2100 Isolated Pulse Stimulator (A-M Systems) synchronized with Clampex 10.2 data acquisition software (Molecular Devices). Synaptic currents were monitored with a Multiclamp 700B amplifier (Molecular Devices). Synaptic currents were sampled at 10 kHz and analyzed offline using Clampfit 10.2 (Molecular Devices) software. For graphic representation, the stimulus artifacts of the current traces were removed.
AAV Preparation
AAVs were packaged with AAV-DJ capsids for high-efficiency in vivo neuronal infection. Virus was prepared with a procedure as described (Zolotukhin et al., 1999) . Briefly, AAV vectors were cotransfected with pHelper and pRC-DJ into AAV-293 cells. Cells were collected 72 hr later, lysed, and loaded onto iodixanol gradient for centrifugation at 400,000 g for 2 hr. The fraction with 40% iodixanol of the gradient was collected, washed, and concentrated with 100,000 MWCO tube filter. The infectious titer of virus was measured by infecting HEK293 cells. The concentrations of virus used for stereotaxic injection were adjusted to 1.0 3 10 7 infectious units/ml (except that for TetTox AAV, for which the highest titer obtained, 8.8 3 10 6 , was used).
Stereotaxic Injection C57BL/6 mice were anesthetized with tribromoethanol (125-250 mg/kg). Viral solution was injected with a glass pipette at a flow rate of 0.15 ml/min. Coordinates used for the hippocampal injection were AP + 1.95 mm, ML ± 1.25 mm, DV À 1.20 mm (for CA1), and DV À 1.95 mm (for DG). We injected 1 ml of viral solution in CA1 and another 1 ml in DG. The coordinates used for the prefrontal injection were AP À 1.0 mm, ML ± 0.3 mm, DV À 1.0 mm, and DV À 1.5 mm. The sites at DV À 1.0 mm and DV À 1.5 mm both received 1 ml of injection. The coordinates used for the entorhinal injection were AP + 4.5 mm, ML ± 3.5 mm, and DV À 4.0 mm. The injections were bilateral except otherwise noted.
Slice Electrophysiology
Two-month-old C57BL/6 mice were injected with AAVs and were used for slice physiology 3-4 weeks after the infection. Transverse hippocampal slices or coronal prefrontal slices (250 mm) were cut in ice-cold solution, comprising 75 mM sucrose, 75 mM NaCl, 2.5 mM KCl, 1 mM NaH 2 PO 4 , 8 mM MgSO 4 , 0.5 mM CaCl 2 , 26.2 mM NaHCO 3 , and 20 mM D-glucose saturated with 95% O 2 / 5% CO 2 and transferred to a holding chamber containing artificial cerebrospinal fluid (ACSF) composed of 117.5 mM NaCl, 2.5 mM KCl, 1 mM NaH 2 PO 4 , 1.3 mM MgSO 4 , 2.5 mM CaCl 2 , 26.2 mM NaHCO 3 , and 11 mM D-glucose to recover for at least 1 hr at room temperature before being transferred to a recording chamber continually perfused (1 ml/min) with oxygenated ACSF (maintained at 27 C-29 C), containing 50 mM of picrotoxin.
Whole-cell voltage-clamp recordings were made with 3-5 MU pipettes filled with internal solution containing 135 mM CsMeSO 4 , 10 mM HEPES, 8 mM NaCl, 0.25 mM EGTA, 2 mM MgCl 2 , 4 mM Mg ATP, 0.3 mM NaGTP, and 5 mM phosphocreatine (pH 7.3). Neurons were clamped at À65mV for recording of EPSC in hippocampal slices. In the prefrontal slices, to avoid contamination from AMPAR-mediated polysynaptic EPSCs, we clamped neurons at +30mV to record NMDAR-mediated EPSCs in the presence of 10 mM of NBQX.
Local Field Recording Two-month-old mice were injected with AAVs and were implanted with recording electrodes 2-3 weeks later. Field potential recordings were obtained from the CA1 field of the right dorsal hippocampus. To implant electrodes, we sedated mice with diazepam (10 mg/kg, intraperitoneally), anesthetized them with isoflurane (1%-3%), placed them in a stereotaxic frame, maintained on a heating pad, and prepared them for aseptic surgery. A hole was drilled 2.2 mm posterior and 1.6 mm right of bregma. An insulated, 50 mm diameter stainless steel wire (California Fine Wire) was implanted 1.7 mm below the surface of the brain. The reference electrode was placed in the cerebellum. Two screws were placed in the skull. Electrode leads were connected to pins that were inserted into a strip connector, which was attached to the screws and skull with cranioplastic cement. Following surgery, mice were kept warm and received lactated ringer's with dextrose, antibiotic (enrofloxacin, 10 mg/kg, subcutaneously [s.c.]), and analgesic (buprenorphine, 0.05 mg/ kg, s.c.). After recovering for 7 days, mice were monitored for at least 6 hr by electroencephalogram (EEG) recording and simultaneous videotaping. Recordings were obtained with epoch transmitter and receiver tray for wireless EEG (Ripple LLC) and a Cyberamp 380 (Molecular Devices). Signals were amplified, filtered (1-100 Hz), and sampled at 200 Hz (PClamp, Molecular Devices). The whole 6 hr recording was divided into 5 min sessions. Based on the behavioral states of the mice, each session was classified as ''exploration,'' ''motionlessness,'' or a situation which cannot be categorized into these two situations, with the following criteria: (1) if a mouse was exploring the recording chamber for more than 3 min in a 5 min session, this session will be classified as ''exploration''; (2) if a mouse was immobile (no apparent movement except breathing and slight shaking of head or body) for more than 4 min in a 5 min session, this session will be classified as ''motionlessness.'' The power spectrums of each 5 min session were generated, and the power spectrums from the same behavioral category were averaged together with Clampfit10.2 (Molecular Devices). The wavelet spectrums of representative traces were produced by AutoSignal1.7.
Fear Conditioning
Two-month-old male C57BL/6 mice (Charles River) were housed individually with normal 12/12 hr daylight cycle. They were handled daily for 5 days prior to training. On training day, mice were placed in fear-conditioning chamber (H10-11M-TC, Coulbourn Instruments) located in the center of a sound-attenuating cubicle (Coulbourn Instruments). The conditioning chamber was cleaned with 10% ethanol to provide a background odor. A ventilation fan provided a background noise at $55 dB. After a 2 min exploration period, three tone-footshock pairings separated by 1 min intervals were delivered. The 85 dB 2 kHz tone lasted for 30 s, and the footshocks were 0.75 mA and lasted for 2 s. The footshocks coterminated with the tone. The mice remained in the training chamber for another 30 s before being returned to home cages. In context test, mice were placed back into the original conditioning chamber for 5 min. The altered-context and tone tests were conducted in a new room. The same conditioning chamber was moved to this room and was modified by changing its metal grid floor to a plastic sheet, white metal side walls to plastic walls decorated with red stripes, and background odor of ethanol to vanilla. The ventilation fan was turned off to reduce background noise. Mice were placed in the altered chamber for 5 min to measure the freeze level in the altered context and after this 5 min period, a tone (85 dB, 2 kHz) was delivered for 1 min to measure the freeze to tone. The behavior of the mice was recorded with the Freezeframe software and analyzed with Freezeview software (Coulbourn Instruments). Motionless bouts lasting more than 1 s were considered as freeze. Animal experiments were conducted following protocols approved by Administrative Panel on Laboratory Animal Care at Stanford University.
Histochemistry
Mice were anesthetized with tribromoethanol and perfused with 10 ml of PBS, followed by 50 ml of fixative (4% paraformaldehyde diluted in PBS). The brains were removed and postfixed for 3 hr at room temperature and then immersed in 30% sucrose solution overnight before being sectioned at 30 mm thickness on a cryostat. The free-floating brain sections were collected in PBS and counterstained with DAPI. The brain sections were mounted onto glass slides with Vectashield mounting medium (Vector Laboratories). Micoscopic photos were taken with a Leica DM IRE2 microscope. Photos taken with 103 objective were tiled to generate the image of the whole brain sections.
Immunoblotting Cultured neurons were homogenized in lysis buffer (1% SDS, 10 mM Tris), mixed with 63 loading buffer (0.5 M tris, 60% glycerol, 10% SDS, 10% Beta-Mercaptoethanol, and 0.01% bromphenol blue), and denatured at 100 C for 20 min. After centrifugation at 14,000 rpm for 30 min, the supernatants were loaded for SDS-PAGE and immunoblotted with standard chemiluminescence protocols. The primary antibodies used in the study include: anti-syt1 (CL41.1), anti-syb2 (CL69.1), and Synx1 (U6251). Blots were digitized and quantified with National Institutes of Health image software. All band intensities were normalized to that of control samples.
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